The pathogenesis of lymphocytic choriomeningitis virus infection in fetal, newborn, and young adult hamsters was studied. Infected newborn hamsters initially developed a persistent viremia and viruria with titers often in excess of 104.0 mean infectious doses/0.03 ml of blood or urine. After week 12 two different patterns of infection became evident. Approximately one-half of the hamsters eventually cleared the infection, whereas the others developed a chronic progressive and ultimately fatal disease characterized by continuous high-titered viremia and viruria and high titers of virus in their tissues. Complement-fixing antibody and, to a lesser degree, virus-neutralizing antibody coexisted with the viremia. Hamsters with persistently high levels of viremia and viruria developed chronic glomerulonephritis and widespread vasculitis, whereas hamsters that cleared their infections did not develop these lesions. Litters of hamsters born to viremic mothers were invariably infected. Litter sizes were small and breeding effectiveness was reduced; however, vertical, congenital infection was successfully passed through three generations. The course of infection in the congenitally infected hamsters was similar to that in newborn infected hamsters, with all animals producing complement-fixing antibody, some animals being capable of clearing the viremia and remaining healthy, and other animals having persistent viremia and fatal disease. Inoculated young adult hamsters did not become diseased, developed viremia and viruria which persisted up to 3 and 6 months, respectively, and developed complement-fixing antibody by 10 days after infection. The prolonged urinary excretion of large amounts of lymphocytic choriomeningitis virus by asymptomatic, chronically infected hamsters is an important public health consideration when dealing with potential human infection.
The mouse lymphocytic choriomeningitis (LCM) virus model has been utilized extensively in the study of virus-induced immunopathological diseases (18, 30, 31, 36, 43) . Although other animal species are known to be susceptible to LCM virus, including humans, hamsters, monkeys, dogs, guinea pigs, rats, rabbits, and chickens (30, 48, 50) , until recently it was generally believed that the only significant natural reservoirs of LCM virus were wild house mice (Mus musculus) or certain colonies of commercially reared laboratory mice. In 1965, an epizootic of LCM virus infection of laboratory hamsters in the United States was ' Present address: Children's Hospital of Akron, Akron, Ohio 44308. 2 Present address: Viral Carcinogenesis Branch, National Cancer Institute, Bethesda, Md. 20014. 3Present address: Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, Bethesda, Md. 20014. reported (3, 33) , which was responsible for 23 human cases. Since that time an additional 167 human cases have been reported which were acquired via contact with infected hamsters (4, 8, 11, 19, 25, 39) . LCM virus infections are frequently found in commercial hamster colonies in Germany (1, 14) , and it is presently estimated that sale of these animals as pets is responsible for approximately 1,000 human cases in that country each year (1) . The first infected commercial hamster colony in the United States was reported in 1974 (4) (5) (6) (7) (8) 11) .
During our initial study of LCM virus infection in hamsters (33) we discovered that a number of hamsters infected during the first day of life had persistent viremia and viruria and an increasing mortality beginning around 5 months of age. These findings together with the increased number of hamster-associated human LCM virus infections and the general lack of information regarding the pathogenesis of infection in the hamster prompted this work. The pathogenesis of LCM infection in the fetal, newborn, and adult Syrian hamster was studied, with emphasis on the multiplication and distribution of the virus, the immune response, and the histopathology. A common feature of infection was a chronic viremia and viruria, which persisted more than a year in some infected newborns and for 3 to 6 months in some infected adults. In infected newborns approximately half of the hamsters cleared their infections, whereas the remainder continued to be viremic and viruric, developed vasculitis and chronic progressive glomerulonephritis, and died of renal failure at about 1 year of age.
MATERIALS AND METHODS
Hamsters. Random-bred Syrian golden hamsters were obtained from the National Institutes of Health, Bethesda, Md. This colony was not infected with LCM virus. LCM virus-infected hamsters were housed in flexible Trexler-type or rigid plastic germfree isolators (Germfree Laboratories, Inc., Miami, Fla.) and were maintained using standard germfree techniques (41) modified to provide operator protection from LCM infection. All contaminated materials were removed from the isolators via the exit port through a plastic sleeve and into a large plastic (12 (ii) Urine. Hamster urine was diluted and titrated following the same virus titration technique used for the blood.
(iii) Organs. Organs were homogenized and prepared as 10% clarified suspensions in EBME. Tenfold dilutions were inoculated into weanling mice (0.03 ml intracranially, and mean lethal dose and ID.;,, titers were calculated as outlined above.
Histopathology. At intervals of approximately 3 to 10 weeks, four to eight of the neonatally infected hamsters were sacrificed for histopathological examination. At the time of sacrifice, blood, serum, and urine were collected. Tissues including kidney, liver, brain, lung, pancreas, uterus, and heart were removed and fixed in 10% neutral formalin. Tissues were embedded in paraffin, sectioned at 5 ,tm, and stained with hematoxylin and eosin.
Serology. (i) CF. Sera or plasmas were tested for complement-fixing (CF) antibody by the microtiter technique (45) using the optimal dilution of antigen and two units of complement (32) . Antigen consisted of soluble CF antigen prepared from the Fortner fibrosarcoma tumors. Twenty-percent tumor suspensions were prepared in EBME, and infectious virus was removed by centrifugation at 100,000 x g for 90 min. These soluble CF antigen preparations usually titered 1:16 to 1:32 against a standard anti-LCM guinea pig serum. Zones of antigen and/or antibody excess and anticomplementary sera were frequently encountered with the hamster sera and necessitated careful interpretation of the CF tests. At the completion of the experiment, all sera were retested together and many were titrated by the block titration technique (32 From week 7 through 42 of infection some of the hamsters began to show signs of illness. In the earliest stages the animals became less active, their hair became disarranged, and they had an ungroomed appearance. As the disease progressed the hamsters lost weight, assumed hunched postures, developed blepharitis, and in general gave an appearance similar to the condition described in mice as late or wasting disease (21) . The condition of these hamsters slowly deteriorated until they became moribund several weeks or months after the first signs of clinical disease.
Of the 57 hamsters alive at 42 weeks, 26 (46%) were ill, whereas the remaining 31 (54%) were normal, without any apparent clinical effects of the infection. Neither litter origin nor sex had any influence on the clinical outcome of infection.
At 3-to 10-week intervals, beginning at 4 weeks of age, blood for virus and CF antibody testing was obtained from each hamster. Urine samples also were obtained from some hamsters and titrated for virus. At each time interval, except for week 94 when only one hamster was examined, four to eight hamsters were sacrificed for histopathological examination and for titration of virus in organs; generally, equal numbers of clinically well and ill hamsters were chosen for sacrifice at each time point. For the purpose of data analysis, the animals can be grouped into five catagories: (i) serially tested animals alive at 42 weeks that showed no clinical illness = healthy group (31 hamsters); (ii) serially tested animals alive at 42 weeks but that had developed the typical clinical disease = diseased group (26 hamsters); (iii) clinically ill hamsters selected for sacrifice before 42 weeks (19 hamsters); (iv) clinically well animals sacrificed before 42 weeks (12 hamsters); and (v) 24 animals lost from the longitudinal study because of accidental deaths or use in breeding experiments. Since category (iv) animals might have developed illness if they had been allowed to live, they do not represent a homogeneous group, and their virological data are not presented here. In comparing the longitudinal virological and serological findings in the healthy and diseased hamsters, only categories (i) and (ii) are used.
The comparative virology of these two groups of hamsters is shown in Table 1 and Fig. 1 and 2. Through week 7 of infection, the virology and appearance of all the hamsters was similar. Viremia was present in all animals, with titers ranging from 102-2 to 1050°I D50/0.03 ml of blood.
In the group of diseased hamsters, CF antibody titers increased steadily through week 16 of infection and viremia titers decreased slightly; however, after week 16 this pattern began to reverse, and viremia titers increased and CF antibody titers decreased. Titers of virus in the urines showed a small but continuous increase through week 59. One diseased hamster that lived for 94 weeks still had a urine virus titer of 104-0 ID.,,,/0.03 ml of urine. All of the diseased hamsters remained viremic through at least week 49 , at which time they had an average viremia titer of 104-3 ID50/0.03 ml of blood. Sera from these hamsters were frequently anticomplementary, probably as the result of circulating antigen-antibody complexes, which bound complement. After week 59, the data compiled on the diseased hamsters are probably biased by the small sample size, since only a few of the VOL. 16, 1976 969 Table 3 , and results on hamsters that remained healthy for 42 weeks or more (category [iv]) are shown in Table 4 . From hamsters with signs of disease that were sacrificed for histology, the following were titrated for infectious virus: blood, urine, and a portion of the kidney, brain, lung, and liver (Table 3 ). In the diseased hamsters, high titers of virus were found in the organs throughout life. Virus titers were highest in the kidney, slightly lower in the liver, lungs, and urine, and lowest in the blood and brain.
In the healthy animals, tissue extracts were generally noninfectious or contained only low titers of virus (Table 4) ; kidney and urine tended to be positive more often than did blood, lung, liver, or brain.
(iii) Histopathology of neonatally infected hamsters. The pathology of hamsters infected neonatally with LCM virus was followed from 4 During the first few weeks of infection all animals showed similar histological findings. At 4 weeks there was minimal evidence of an inflammatory response. By 7 weeks there were scattered lymphocytic infiltrates, primarily in the liver and kidney. At weeks 12 and 16 postinfection, the healthy hamsters showed moderate nodular lymphocytic infiltrates of the liver and kidney and scattered lymphocytic inflammation of pancreas, lung, and meninges. These at 12 weeks. However, the character of the renal pathology had changed somewhat in that the inflammatory infiltrate was less pronounced, but glomerular and renal vascular involvement had become quite apparent. The glomerular lesion was primarily that of basement membrane thickening with occasional small foci of fibrinoid degeneration in the glomerular tufts. "Wire-loop" lesions similar to those seen in lupus erythematosis were apparent in some of the glomeruli. In addition, there were occasional renal arterioles, with thickening and hyalinization of the wall and eosinophilic smudging resembling fibrinoid degeneration. Vascular lesions also were noted in the uterus, in which rather striking changes of arterioles and small arteries were apparent. These changes consisted of perivascular infiltrates of lymphocytes, monocytes, and plasma cells, adventitial proliferation, and thickening, and fibrinoid degeneration of the media of the vessels with concomitant narrowing of the lumens.
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At 21 weeks the inflammatory infiltrates nant and most striking pathological finding were seen in the same organs as previously was the above-described vascular disease. The mentioned and, in addition, were quite promi-widespread panarteritis involved the kidney, nent in the heart, skeletal muscle, and urinary uterus, heart (Fig. 3) disease was present, and the most significant findings become progressive chronic renal disease. Grossly, the kidneys were pale and uniformly granular. Microscopically, the picture was that of chronic glomerulonephropathy with lobular simplification of the tufts, crescentic adhesions, basement membrane thickening, and glomerular sclerosis and obliteration (Fig.  4) . Renal arteriolar disease was frequently associated with the glomerular changes. Irregular granular deposits of gamma globulin, and to a lesser extent LCM virus-specific antigen, were seen by immunofluorescence along the glomerular basement membranes and the walls of involved arterioles at the height of the disease.
Significant differences in the histology of the lymphoid tissues of the infected hamsters, either healthy or sick, from that of the uninoculated control hamsters were not apparent in this study.
Congenital infection. In a preliminary study a pregnant, viremic hamster that had been infected with LCM virus at birth was sacrificed, and her litter of three pups was removed by hysterectomy. A 10% suspension of the pooled viscera from these embryos had a virus titer of 10J3 ID.;,/0.03 ml. To further study the congenital infection, breeding pairs of neonatally infected hamsters were established. From these pairings 15 pregnant hamsters resulted. Whereas all of these females were at one time viremic, at the time of pregnancy 10 already had cleared their infections. These 10 females f~~~~~~~? )s: '7- VOL. 16, 1976 976 PARKER ET AL. gave birth to 54 normal appearing pups, none of which had viremia or virus in tissue extracts.
The remaining five pregnant hamsters were viremic during pregnancy and gave birth to 19 pups. All three hamsters from one litter and one to three sucklings from each of the remaining four litters were sacrificed on the day of birth, and pools of the viscera from each litter were titrated for LCM virus. All of the five suspensions contained from 104--to 10) ID.-,, of LCM virus/0.03 ml. The hamsters in two of the four litters were never healthy and died within a few days after birth. Ten hamsters from the remaining litters were weaned and all were viremic. At 8, 12, 16 , and 20 weeks of age the mean viremia titers of these hamsters were 1036, 103-6, 1032, and 103-' ID5,,/0.03 ml of blood, and their mean viruria titers were 103-1, 104-4, 103, and 104.0 ID.-,,/0.03 ml of urine, respec- tively. Of eight hamsters tested at week 20, six were viremic and all eight were viruric. Three of four hamsters tested at 70 weeks were still viremic (104.0 ID-.,,/0.03 ml of blood).
The breeding history of one of the female hamsters (L1OH2), mated to an infected male, is illustrated in Table 5 . This female was viremic during the first of her two pregnancies, and all hamsters in her first litter were born infected. Two of the infected female F, littermates were bred by a littermate, and they likewise gave birth to LCM-infected litters (F2 generation). One of these infected littermates (F2H1O) was bred and also gave birth to an infected litter (F:1).
The course of infection in congenitally infected hamsters was similar to that in hamsters inoculated with LCM neonatally, in that some were able to clear their infections and did not develop disease whereas others remained viremic and developed a chronic, progressive disease. The pathological lesions found in congenitally infected hamsters with progressive disease were identical to those described in neonatally infected hamsters with progressive disease. The congenital infection seemed to have an adverse effect on breeding success in that smaller numbers of hamsters were born and fewer survived to weaning age, thus reducing the number available to breed and perpetuate the congenital infection. However, it was possible to serially transmit the congenital infection for at least three generations.
Adult infection. Twenty-five 3-week-old hamsters were inoculated intraperitoneally with 0.1 ml of a 10% cell-free suspension of Fortner LCM virus containing 106.3 ID,(-/O. 1 ml. Unfortunately, within the first 4 weeks of the experiment, the hamsters contracted "wet-tail" disease (46) , and 9 of the 25 hamsters died at this time. Whether the LCM infection contributed to any of these deaths is not known. During the course of this study some additional hamsters were removed for other experiments not presented here.
At intervals through 30 weeks of infection, the hamsters were orbitally bled, and the plasma was tested for CF antibody and blood was titrated for virus (Table 6 ). Urine also was collected and titrated for virus.
After week 4 of infection all of the hamsters were healthy and none ever developed clinical disease. CF antibody appeared by day 10 in all hamsters, reached its peak titer at 60 days, and then declined slowly; however, all of the hamsters remained positive through 210 days (Table  6 ; Fig. 5 ). Viremia was of relatively short duration compared to neonatally or congenitally infected hamsters, and most hamsters had cleared their viremia by 60 days. This was also true of the infection in other major organs, except for the kidney in which a prolonged infection occurred (Table 7) . Urines from two of six hamsters tested contained virus 180 days after infection; the titers were 103-`and 100-' ID-,,/0.03 ml of urine. DISCUSSION Naturally occurring LCM virus infection in hamsters is now recognized as an important factor in the overall epizootiology of LCM virus Geometric mean titer, reciprocal of dilution.
b Mean titer of positive hamsters only; log1), ID50/0.03 ml of blood or urine. (2, 33, 50, 51) . In the present study we did not observe any definite LCM virus-induced clinical disease after intraperitoneal inoculation of weanling hamsters; most animals had cleared their viremias after 2 months, but in some animals kidney infections with viruria persisted for 6 months. All hamsters developed CF antibody, which persisted throughout the 6-month test period. In newborn hamsters infected with the Fortner strain of LCM virus, about half of the hamsters cleared their viremias within 8 months after inoculation, whereas the remainder continued to be viremic and viruric and developed vasculitis and chronic progressive glomerulonephritis, and died, presumably of renal failure, at about 1 year of age. All of the hamsters appeared to be capable of a humoral antibody response, although levels of both CF and neutralizing antibody were low and more difficult to detect in viremic hamsters.
Congenitally infected hamsters responded similarly; some were capable of clearing their infections, whereas some were not and developed a chronic wasting disease. Impairment of the reproductive performance, also reported for mice (35) , was observed in that it was difficult to obtain full-term pregnant hamsters, litters were small, runts were common, and litter growth was slow. It is clear that infected female hamsters can serially transmit the infection to their offspring via the congenital route.
The type and degree of LCM virus-induced disease in mice is influenced by a variety of factors, which include the strain of mouse (37) , the strain of virus (13, 30) , the dose of virus (23, 29, 48) , the age of the mouse (26) , the route of inoculation (22, 23, 29, 48) , thymectomy (44), Xray irradiation (43) , and immunosuppression (17, 20) . It is likely that some or all of these parameters also would influence the course of infection in hamsters. In fact, preliminary data from our laboratory suggest that LCM virus CA 1371, a mouse neurotropic strain, produces an acutely lethal infection in newborn Syrian golden hamsters, whereas the Fortner strain does not. Also, other experiments suggest that the strain of hamster may influence the course of infection and that small doses of Fortner LCM virus in newborn hamsters produce only the self-limiting form of infection. It is noteworthy that chronic subclinical infections with prolonged viruria like that observed in this study often occur in natural infections (1, 3, 4, 19, 33) and, further, that in commercial breeding colonies in Germany, where enzootic infection has become established, some chronically infected hamsters develop a runt disease which may be similar to the disease we observed in this study (14) .
A few statements with regard to the public (27) . In adult hamsters, viruria occurs through 72 weeks of infection and neutralizing and CF antibodies develop by 12 weeks and persist through 46 weeks (27) .
Substantial information is available to suggest that it is the T lymphoid cell-mediated immune response that is responsible for the elimination of LCM virus from infected mice (34, 49) , and that T lymphoid cells are the effector cells responsible for the acute and fatal neurological disease in adult mice (12, 30) , whereas humoral antibodies are implicated in the slowly developing chronic renal disease (30, 38) . Interference with the cell-mediated immune response has a decisive enhancing effect on the establishment of persistent infections (9, 34, 43, 44) . In chronically infected mice, the ability to synthesize anti-LCM gamma globulin is reduced (38) , and the glomerulonephritis of chronic LCM disease is mediated through an immune complex pathogenesis (10, 30) . This also appears to occur in the kidneys of chronically infected diseased hamsters, as suggested by the deposits of viral antigen and gamma globulin in the damaged glomeruli and renal arteriolar walls. It is not known whether the absence of significant serum-neutralizing antibody titers or reduction in CF antibody titers observed in diseased hamsters was due to excess circulating antigen or to an impairment or hyporesponsiveness in the hamsters' ability to synthesize anti-LCM gamma globulin; however, CF antibodies were demonstrated in both recovered and diseased hamsters. In diseased hamsters, complete or partial suppression of the cell-mediated immune response could account for the lack of viral clearance and chronic infection. Further studies on the function and maturation of the immune system in the immature hamster will be required to define the factors determining whether the animal was able to suppress the infection and remain healthy or would undergo continued infection with subsequent disease and death.
